Introduction
The South Saskatchewan River Basin (SSRB) is amongst the largest watersheds in western Canada and is a GEWEX Regional Hydroclimate Project. Its flows are important for crop irrigation, municipal and commercial purposes. The Canadian metropolitan areas of Calgary, Alberta (population: 1 079 000) and Saskatoon, Saskatchewan (population: 234 000) are located within its bounds. SSRB flows originate east of the continental divide in the Canadian Rocky Mountains and flow generally eastward through the foothills and prairies. The Prairie Provinces Master Agreement on Apportionment allows Alberta to take up to 50% of the natural water flows originating from within its boundaries and up to 50% of the flow entering its boundaries and the remainder flows to Saskatchewan and Manitoba (Prairie Provinces Water Board 2003) . A moratorium has been placed on new surface allocation licences for certain tributaries of the South Saskatchewan River due to a nearly full allocation of water supplies (Alberta Environment 2005) .
The diverse climate, vegetation and topography of the SSRB create interesting hydrological and atmospheric modelling challenges. The mountainous region to the west is characterized by sharp topographic gradients and heavy precipitation. Snow in alpine areas is subject to redistribution and sublimation by wind (MacDonald et al. 2010) , and spatially variable snowmelt and meltwater runoff (DeBeer and Pomeroy 2010) . Forest canopies intercept rainfall and snowfall and this intercepted precipitation, in particular snow, is prone to high sublimation rates (Rutter et al. 2009 ). Subsurface storage plays a significant role in modulating streamflow generation in alpine headwater catchments (Hood et al. 2006 , McClymont et al. 2010 . Glacier melt and wastage contribute to SSRB streamflow, particularly during late summer (Comeau et al. 2009 ). The prairie region to the east is characterized by gentle topography and a drier climate. Droughts are frequent in prairies and potential evapotranspiration is high during summer months (McGinn 2010) . Topographic depressions are prevalent across the prairies and they are important hydrological stores (Hayashi and van der Kamp 2000) . Much of the land within the prairie region of the SSRB is subject to internal drainage and therefore does not contribute to South Saskatchewan River streamflow (Martin 2001) .
Large-scale hydro-meteorological modelling requires spatial discretization of the domain (e.g. selection of grid size, landcover types), selection and distribution of meteorological forcing (e.g. atmospheric model output or observations; accounting for inter-grid and sub-grid variability in aspect, elevation, slope, cloud cover and weather systems), specification of initial conditions (e.g. from observations or model spin-up) and parameter estimation. This study focuses on the meteorological forcing aspect of hydrological modelling.
Forcing data are often fulfilled with meteorological station data; however, the sparse spatial distribution of meteorological stations in many regions of Canada necessitates spatial interpolation of data or other techniques. An alternative to this is numerical weather prediction (NWP) model output, which can provide spatially and temporally continuous forcing data. Furthermore, efforts have been made to improve coupled hydrological and atmospheric simulations (Benoit et al. 2000 , Soulis et al. 2000 . Over the past decade, land surface schemes (LSS) used in NWP models have been implemented in hydrological models in order to provide better representations of land-atmosphere interactions (e.g. Pietroniro et al. 2007) . For cases where meteorological station data and NWP model output may be used interchangeably as model forcing, it is important to know their respective skills and biases in simulated land surfaces states and fluxes. It has been shown that the selection of meteorological forcing can be equally or more important than the choice of model (Guo et al. 2006 , Mo et al. 2012 and that different forcing data can produce substantially different calibrated parameter sets (Elsner et al. 2014) . Differences in precipitation forcing often have the greatest influence on runoff sensitivity (Materia et al. 2010 , Nasonova et al. 2011 and differences in shortwave radiation forcing can have a large impact on snowmelt and runoff fluxes in high altitude regions (Mizukami et al. 2014) .
Most studies in which process representations have been improved in LSSs have been accomplished using detailed field observations as both validation and forcing; however, most applications of LSSs are within climate models. For instance, field studies have been used to evaluate and improve process routines in the Canadian Land Surface Scheme (Comer et al. 2000 , Kothavala et al. 2005 , Bartlett and Verseghy 2015 , whereas most hydro-meteorological and climatic impact studies have used NWP output as forcing and not field observations (MacKay et al. 2003 , Sushama et al. 2007 , Diro et al. 2014 . Intricacies of fine-resolution field observations are not represented in the coarser meteorological forcing provided by NWP output. In this paper, an attempt is made to provide a link between these two types of studies by providing insight into and examples of modelled differences.
The objective of this study was to compare simulated land surface water balance components when using field observations or NWP output as meteorological forcing. Simulations were evaluated against observed snow depth, soil moisture and evapotranspiration at two sites. Two study areas were selected to represent altitudinal and longitudinal gradients in land cover and climate across the SSRB: a forested and mountainous sub-catchment in the headwater region in the Canadian Rocky Mountains, and an agricultural area near the terminus of the South Saskatchewan River.
Study sites
The SSRB is a 173 833 km 2 watershed that spans the provinces of Alberta and Saskatchewan in western Canada. A small portion of the SSRB extends into the United States. The headwaters originate within the eastern slopes of the Canadian Rocky Mountains along the continental divide. Flow is generally eastward, and it eventually empties into the Hudson Bay via the Nelson River. Land cover in the headwater region is montane with alpine areas characterized by sharp topographic gradients, bare rock, talus, exposed soils, grass and sparse shrubs. Glaciers are sparsely present in the alpine area. The alpine area transitions into a subalpine forest-dominated environment which mainly consists of coniferous forest (both spruce and pine) and also broadleaf trees further eastward. The forested region transitions rather sharply to prairies characterized by cropland, grassland and pothole depressions. Annual peak discharge occurs during snowmelt from March to June and baseflow conditions occur from July to August (Hauer et al. 1997) .
Two sites within the SSRB were used in this study: Marmot Creek Research Basin (hereafter MCRB) located within the mountainous headwater region, and Kenaston located within the prairie agricultural region (Fig. 1 ). These two sites were selected because they represent two dominant ecoregions in the SSRB and there is an abundance of field data available for both sites.
Four land classes were used in this study: Coniferous Forest and Mountain Meadow for MCRB, and Cropland and Grassland for Kenaston. These four classes were established by aggregating land-cover polygons classified according to the EOSD Land Cover Classification Legend, downloaded from GeoBase (http://www.geobase.ca). The Coniferous land class was created by aggregating the EOSD Coniferous (dense), Coniferous (open) and Mixed Wood (dense) classes. The Mountain Meadow land class was created from the EOSD Grassland class which is located in predominantly mountainous and forested areas in the western SSRB. The Grassland land class was created by aggregating the EOSD Grassland and Herb classes, and does not include land covered by the Mountain Meadow land class. The Cropland land class was created by aggregating the EOSD Annual Cropland class and the Perennial Cropland and Pasture class. The Cropland, Grassland, Coniferous Forest and Mountain Meadow land classes make up 58%, 18%, 11% and 2% of the SSRB, respectively.
Marmot Creek Research Basin
MCRB (50°57ʹN 115°11ʹW; 1566-2729 m a.s.l.) is a 9.4 km 2 watershed located in the Rocky Mountain Front Ranges in Alberta, Canada ( Fig. 2(a) ). Marmot Creek itself is a tributary of the Kananaskis River and is part of the Bow River system. The general aspect of MCRB is easterly. The basin is primarily montane with sub-alpine forest and alpine tundra ridgetops. The basin land cover consists of dense lodgepole pine, mature spruce and sub-alpine fir forest at lower elevations, larch, shrubs and grasses at and just below the treeline, and talus and bare rocks in the high alpine. MCRB is underlain by glacial and post-glacial deposits ranging from 10 to 30 m depth above bedrock, except at high elevations and along portions of the creek channels (Stevenson 1967) . Annual precipitation is typically around 900 mm with 60-75% being snow. Climate normals as recorded at the Kananaskis Pocaterra station (ID 3053604; 1610 m a.s.l.) range from a low of −11.1°C in January to a high of 11.4°C in August. Temperatures are typically colder at MCRB owing to its higher elevation. The average normal relative humidity at the Kananaskis Pocaterra station is 79% at 600 LST (local standard time) and 56% at 1500 LST.
Kenaston
Kenaston (51°24ʹN 106°28ʹW; 570-600 m a.s.l.) is a 10 km × 10 km research site located in an agricultural area approximately 100 km south-southwest of Saskatoon, Saskatchewan ( Fig. 2(b) ). It is located within the Brightwater Creek sub-catchment of the SSRB. The topography is typical of many agricultural regions with elevation fairly constant (increasing gently from the northwest to southwest). Soils at Kenaston are predominantly loam with clay loam in the northwest and dispersed patches of clay. Land cover at Kenaston is demarcated by quarter sections (800 × 800 m plots). Roads are present every two or four quarter-sections in both the east-west and north-south directions. The land cover is primarily cropland with pasture (grassland) covering a few quarter-sections in the southwest. The crops consist of cereal, oil seed and pulse crops that vary between quarter-sections and from year to year. Climate normals as recorded at the nearby Outlook station (ID 4055736; 541 m a.s.l.) and Davidson station (ID 4012120; 619 m a.s.l.) range from a low of −16.8°C to −15.0°C in January to a high of 18.0-18.6°C in July. The annual precipitation normal is 338-366 mm with 76-77% being rain. The average normal relative humidity recorded at the Saskatoon Diefenbaker International Airport station (ID 4057120; 504 m a.s.l.) is 79% at 600 LST and 57% at 1500 LST.
CLASS (MESH) model
The model used in this study was version 3.6 of the Canadian Land Surface Scheme (CLASS; Verseghy 1991 , Verseghy et al. 1993 as implemented in MESH (Modélisation Environmentale Communautaire -Surface and Hydrology), the land surface hydrology configuration of Environment Canada's community environmental modelling system (Pietroniro et al. 2007) .
CLASS calculates the vertical energy and water balances at 30-minute intervals separately for four sub-areas: canopy over snow, canopy over bare ground, bare ground and snow. Physically-based algorithms are used to calculate the following: evaporation and evapotranspiration; evapotranspiration and sublimation from vegetation canopy; interception, throughfall and drip of rainfall and snowfall; freezing and thawing of liquid and frozen water on the canopy and in soil layers; surface ponding and freezing of ponded water; sublimation from the snowpack; snowmelt; infiltration of rain into the snowpack; infiltration into soil; soil water movement between soil layers in response to gravity and suction forces; temporal variation of snow albedo and density. Six soil layers of depths 0.0-0.10, 0.10-0.35, 0.35-1.10, 1.10-2.10, 2.10-3.10 and 3.10-4.10 m below ground surface (BGS) were used.
Four vegetation types are included in CLASS: needleleaf trees, broadleaf trees, crops and grass. Each vegetation type is assigned a background value for physiological parameters such as albedo, roughness length, maximum and minimum leaf area index, etc. Certain physiological parameters vary throughout a simulation using annual or diurnal functions.
The snowpack is modelled as a single layer using coupled mass and energy balances. Areal snow cover depletion is parameterized via a limiting snow depth parameter. Snow cover is continuous until the snow depth falls below a limiting snow depth value (0.10 m); the snow depth is reset to this limiting value and the fractional snow-covered area is set to the modelled snow depth divided by the limiting snow depth value.
Meteorological forcing and simulated variables
Two sets of meteorological forcing data were applied at each site: field observations and output from a NWP model with assimilated precipitation. For both sets of forcing, CLASS was applied in single-column mode to each land class at both sites, i.e. as a single grid cell over each site with sub-grid variability represented by different land classes. The simulated variables of interest were snow depth and soil moisture at MCRB, and evapotranspiration and soil moisture at Kenaston.
The recommended model parameter values were used. These values were selected based on recommendations in the CLASS 3.4 technical documentation (Verseghy 2009 ) and soil texture data from the Soil Landscapes of Canada dataset version 3.2 by Agriculture and Agri-Food Canada (Soil Landscapes of Canada Working Group 2010). No calibration was performed. Both MCRB and Kenaston simulations were initiated with observed soil moisture and temperature.
Field observations

Marmot Creek
Observations from October 2005 to February 2010 were used. The climate within this small basin was variable: observed air temperature was on average 4.9°C cooler at the highest elevation station than at the lowest elevation station and observed annual precipitation over the alpine zone was twice that over the lowest elevations. Given the spatial variability in temperature and precipitation and the available data, unique forcing sets were used for the Coniferous Forest and Mountain Meadow land classes.
The Coniferous Forest land class forcing consisted of observations from a mid-elevation tower (Upper Clearing station in Fig. 2(a) ). Observations from this site include precipitation data from a Geonor T-200B accumulating precipitation gauge, air temperature, humidity, wind speed, incoming shortwave radiation and incoming longwave radiation. This Upper Clearing site has the only above-canopy meteorological measurements at MCRB, which are necessary for CLASS. The Mountain Meadow land class forcing consisted of observations from an alpine station (Fisera Ridgetop station in Fig. 2(a) ). Observations from this site include precipitation data from a Geonor T-200B accumulating precipitation gauge, air temperature, humidity, wind speed, incoming shortwave radiation and incoming longwave radiation. Atmospheric pressure forcing for both land classes was estimated using the barometric formula with observed atmospheric pressure from a low elevation and a high elevation station (Hay Meadow and Nakiska Ridgetop, respectively, in Fig. 2(a) ).
Snow depth was measured at several sites using Campbell Scientific SR50 ultrasonic distance sensors (accuracy of ±1 cm or 0.4% to distance of target snow surface). Snow depth for the Coniferous Forest land class was taken to be the arithmetic mean of snow depths measured at five stations. The North Sloping Pine Forest and South Sloping Pine Forest stations were operational until summer 2007, and then they were moved to the North Sloping Spruce Forest and South Sloping Spruce Forest sites ( Fig. 2(a) Fig. 2(a) ). Fisera Ridge is susceptible to frequent blowing snow events (MacDonald et al. 2010) . The Fisera Ridgetop and Fisera North-facing sites are located in windswept areas whereas the Fisera South-facing site is located in a drift-accumulating area. MacDonald et al. (2010) showed that Fisera Ridge can be considered a control volume of snow mass fluxes, therefore the average snow depth over this ridge can be considered representative of the Mountain Meadow land class at high elevations. However, blowing snow sublimation losses are not accounted for. That MESH does not include blowing snow calculations is a limitation of this study and is being addressed. Snow water equivalent (SWE) is a more hydrologically meaningful variable than snow depth. Snow depth was used for model evaluation because 30-minute time series data are available, whereas only 26 dates with manual snow survey data were available over the study period. Snow depth is considered a good surrogate for SWE at MCRB because depth and SWE show a strong linear relationship (R 2 = 0.96 for Coniferous Forest and R 2 = 0.74 for Mountain Meadow). Soil moisture in forested areas was measured at depths of 5, 10, 25 and/or 40 cm at the same sites as the snow depth measurements with Campbell Scientific CS616 reflectometers (accuracy of ±2.5%). The Coniferous Forest land class volumetric soil moisture was taken to be the average of that 
Kenaston
Observations from May 2007 to June 2009 were used, though there was a gap in data from 13 June to 3 September 2008. At Kenaston, 21-24 rainfall and soil moisture measurement stations were located over cropland depending on the year (Fig. 2(b) ). Soil moisture was measured using Stevens Hydra Probe II sensors at 5, 20 and 50 cm below ground surface (accuracy of ±1.5% or 0.2, whichever is greater). Rainfall was measured using Hydrological Services TB3 or Campbell Scientific CS700 tipping bucket rain gauges.
Evapotranspiration was estimated using observations from an open-path eddy covariance flux station (equipped with Campbell Scientific KH20 and CSAT3 instruments) located over grassland. Standard coordinate rotation, frequency response and density corrections were performed. Latent heat flux observations are normally underestimated by eddy covariance systems and energy imbalances are expected (Kelliher et al. 1997 , Constantin et al. 1998 , Ohta et al. 2001 . Linear regression of energy balance closure (net radiation versus sum of non-radiative fluxes and below-sensor heat storage) has slope, or energy balance ratio, of 1.0 and and an intercept of 0.0 for perfect closure. A FLUXNET study encompassing many sites and years of data (Wilson et al. 2002) resulted in energy balance ratios of 0.53-0.99, with a mean slope of 0.79. The energy balance ratio at Kenaston over the period of data usage was 0.74 with intercept of −2.24 W m −2 . Observations of air temperature, atmospheric pressure, humidity, incoming longwave radiation, incoming shortwave radiation and wind speed from the flux tower were used to force the model. Precipitation from a Geonor T-200B near the flux station was used as forcing for the Grassland class. Spatially aggregated rainfall was used as forcing for the Cropland land class during summer; this was taken to be the arithmetic mean of the station rainfall observations. Observed snowfall from the Geonor was used during winter for the Cropland land class because gauge undercatch could not be accounted for with tipping bucket data. The arithmetic mean of the cropland soil moisture observations was used for model validation. As a result of the spatial aggregation of rainfall and soil moisture data, the model validation was restricted to periods where all stations were functional and provided accurate measurements. Given this limitation, the analyses were restricted to observations from 11 of the 24 stations.
GEM/CaPA
The Global Environmental Multiscale (GEM) model is an integrated NWP and data assimilation system developed by the Canadian Meteorological Centre. It is used for operational weather forecasting in Canada. The NWP model (Côté et al. 1998 ) is formulated based on the hydrostatic primitive equations with terrain-following hydrostatic-pressure hybrid vertical coordinates. The time discretization scheme is semi-implicit semi-Lagrangian. GEM analyses consist of the NWP with four-dimensional variational data assimilation (4DVAR; Gauthier et al. 2007 ) of pressure, temperature, humidity and wind. GEM forcing data for this study were created by combining twice-daily 12-hour forecasts. Precipitation forcing was obtained from Environment Canada's optimal interpolation algorithm CaPA (Canadian Precipitation Analysis; Mahfouf et al. 2007) , which assimilates observed and forecasted precipitation. GEM forecast provides the background field. The precipitation observation network includes synoptic manned and automatic stations. The optimal interpolation algorithm minimizes the mean square error of the difference between the interpolated and actual accumulated precipitation at locations. Neither the MCRB nor the Kenaston precipitation data were used in the CaPA assimilation. GEM/CaPA output at a 15 km horizontal spatial resolution was used.
Forcing data comparison
This section contains a comparison of the forcing data used in this study. Certain GEM/CaPA fields at 40 m AGS were adjusted to the surface to facilitate direct comparison with field observations. Atmospheric pressure was adjusted using the barometric formula, temperature was lapse-corrected to the surface, and wind speed was adjusted using the Prandtl logarithmic wind speed equation. Statistical measures of forcing data similarity are presented (temporal mean, temporal coefficient of variation [CV] and Pearson's product-moment correlation coefficient [r] ). Pearson's r is not suitable for evaluating time series with a large seasonal cycle (i.e. temperature and solar radiation) so its calculations were not performed on interval values, but rather on changes from time step to time step. Figure 3 shows field observations from the Fisera Ridgetop site (applied to the Mountain Meadow land class), from the Upper Clearing site (applied to the Coniferous Forest land class), and GEM/CaPA grid-average forcing data for MCRB. Table 1 shows statistical comparisons of the MCRB forcing data. Field observations of incoming cumulative shortwave radiation (Fig. 3(a) ) from Fisera Ridgetop and from GEM/ CaPA were very similar, having similar mean and CV and large correlation (Table 1) . Observed shortwave radiation from Upper Clearing was considerably lower than Fisera Ridgetop and GEM/CaPA owing to topographic shading and some canopy shading, though the correlation with GEM/CaPA was large. Incoming longwave radiation (Fig. 3  (b) ) was graphically similar for all sets of forcing data, though GEM/CaPA output was lower. Despite having similar mean and CV, there was only trivial correlation between observed and GEM/CaPA longwave radiation (r < 0.05). This poor correlation was likely due to the influence of surrounding topography. Future work could examine the parameterization of upper air processes in GEM that affect longwave radiation, and the use of a sky-view factor parameterization for land surface modelling (e.g. Sicart et al. 2006) . Observed cumulative precipitation (Fig. 3(c) ) at Upper Clearing and CaPA were similar, with CaPA being slightly higher. Observed precipitation at the higher elevation Fisera Ridgetop was considerably greater; there are considerable elevational gradients in precipitation at this site. There was small correlation between GEM/CaPA precipitation and observed precipitation at both sites. GEM/CaPA atmospheric pressure was lower than the estimated pressure for Upper Clearing but higher than estimated pressure for Fisera Ridge (Fig. 3(d) ); again, considerable elevational differences in pressure exist in this mountainous region. The CVs were similar, and there was small correlation between GEM/CaPA pressure and observations. Mean pressure was used in the absence of pressure observations; this is the reason for horizontal lines at certain dates in Figure 3(d) . Observed temperature was generally greater at the lower elevation Upper Clearing than at Fisera Ridgetop (Fig. 3(e) ), and GEM/CaPA temperature was similar to Fisera Ridgetop with respect to mean and CV. There was medium correlation between GEM/CaPA temperature and observed temperature at both sites. Wind speed was generally greater at the higher elevation and more open Fisera Ridgetop site than at Upper Clearing (Fig. 3(f) ). There was trivial correlation between GEM/CaPA wind speed and observed wind speed at both sites. The CV of GEM/CaPA wind speed was lower than observed. GEM/CaPA specific humidly was similar to that observed at both Fisera Ridgetop and Upper Clearing, and there was small correlation. Figure 4 shows field observations and GEM/CaPA forcing data for Kenaston. Table 1 shows statistical comparisons of the Kenaston forcing data. Cumulative incoming shortwave radiation (Fig. 4(a) ) and incoming longwave radiation (Fig. 4(b) ) were similar for both sets of forcing data. GEM/CaPA precipitation was lower than field observations through 2007, but greater during 2008 and 2009. There was trivial correlation between GEM/CaPA precipitation and field observations. GEM/CaPA missed two significant rainfall events on 17 and 18 August 2007. There was large correlation between GEM/ CaPA pressure and field observations, though GEM/CaPA pressure was lower than observed. There was medium correlation between GEM/CaPA temperature and field observations, though the mean GEM/CaPA temperature was 1.8°C warmer than observed. There was small correlation between GEM/ CaPA wind speed and field observations, though GEM/CaPA wind speed had a lower CV. There was medium correlation between GEM/CaPA specific humidity and field observations.
Marmot Creek
Kenaston
Model results and discussion
Figures 5 and 6 show simulations for MCRB and Kenaston, respectively. All individual station observations are shown in these figures, as well as the mean of observations used to calculate model evaluation statistics. There were times when certain individual station observations were used, but not all were available to show the mean of observations. Kenaston cumulative evapotranspiration (Fig. 6(d) ) is shown. The gap in evapotranspiration simulated with field data was replaced with that simulated by GEM/CaPA forcing. Gaps in observed evapotranspiration account for approximately 20% of the summer data and all winter data, and were not used in calculating model evaluation statistics. Table 2 shows model evaluation statistics for MCRB and Kenaston, respectively. These measures include root mean squared error (RMSE) and percentage bias (PBIAS) A positive PBIAS indicates that the model has an average tendency to overestimate the observations. Table 3 shows a statistical comparison of CLASS output using the two sets of forcing. Pearson's r calculations were performed on changes from time step to time step as in Section 4.3.
Marmot Creek
There was a considerable range in observed snow depth over both the Mountain Meadow ( Fig. 5(a) ) and Coniferous ( Fig. 5  (b) ) land classes due to elevational snowfall differences and blowing snow redistribution. Both field observations and GEM/CaPA forcing resulted in similar overall skill in simulating snow depth in both land classes, though there was only small correlation between changes in simulated snow depth (Table 3) . GEM/CaPA resulted in better skill in simulating mean Mountain Meadow snow depth whereas field observations forcing resulted in better skill in simulating mean Coniferous Forest snow depth (in both cases having lower RMSE and PBIAS). Both sets of forcing resulted in a snow depth within the range of observed Mountain Meadow snow depth. At most times GEM/CaPA resulted in a greater simulated snow depth than did field observations; however, during one spring ( This was reflected in a higher RMSE than when using field observations forcing. GEM/CaPA resulted in less variable snow depth (Table 3 ). There could be several reasons for this as shown in Table 1 : GEM did not simulate the temporal variability of incoming shortwave radiation due to surrounding terrain; GEM did not simulate the high variability of air temperature in the Coniferous Forest class; and GEM wind speed was not as variable as observed. For soil moisture validation, CLASS layer 1 (0.0-0.10 m BGS) was compared to observed soil moisture at 0.05 m BGS; CLASS layer 2 (0.10-0.35 m BGS) was compared to the mean of observed soil moisture at 0.10 m and 0.25 m BGS; and CLASS layer 3 (0.35-1.10 m BGS) was compared to soil moisture at 0.40 m BGS. It is noted that the soil moisture measurement at 0.40 m BGS is towards the top of the corresponding CLASS layers' vertical extent; therefore, soil layer 3 validation is less meaningful than for layers 1 and 2. Both field data and GEM/CaPA forcing overestimated mean soil moisture in all layers and provided poor agreement with observed soil moisture. Both simulations with CLASS failed to simulate the decreasing soil moisture during summer 2006. Field observations and GEM/CaPA resulted in similar RMSE, though PBIAS was approximately a third lower in all layers when using GEM/CaPA. Both sets of forcing resulted in similar magnitudes of simulated soil moisture, but GEM/CaPA forcing underestimated the duration of periods during which there was liquid soil moisture for all three soil levels ( Fig. 5(c) -(e)); this corresponded to having overestimated the duration of snow accumulation in the Coniferous Forest land class (Fig. 5(b) ). For layer 1, simulated soil moisture using both field forcing and GEM/CaPA was flashier than observations ( Fig. 5(c) ). For layer 3, both simulations exceeded observed soil moisture, particularly GEM/CaPA. There is trivial correlation between changes in simulated soil moisture between the two forcing sets due to large differences in the duration of frozen soils and flashiness (Table 3) . Two issues have been demonstrated for this mountainous environment: (i) GEM has some difficulty providing good meteorological forcing during winter, and (ii) CLASS has difficulty simulating soil moisture changes.
Kenaston
The most notable difficulty in these simulations was that GEM/ CaPA did not simulate what are believed to have been two large convective rainfall events on 17 and 18 August 2007; however, cumulative GEM/CaPA precipitation exceeded observed later during 2007. As a result, increases in soil moisture in layers 1 and 2 (Fig. 6(a) and (b) ), and evapotranspiration were not simulated with GEM/CaPA forcing. It should be noted that the simulation with field observation forcing was reinitialized with observed soil moisture in September 2008 following the gap in forcing data, whereas this was not the case in the simulation with GEM/CaPA. This is part of the reason why simulations with field observations forcing provided better statistical agreement with observations. For soil moisture comparisons, CLASS layer 1 (0.0-0.10 m BGS) was compared to observed soil moisture at 0.05 m BGS; CLASS layer 2 (0.10-0.35 m BGS) was compared to observed soil moisture at 0.20 m BGS; and CLASS layer 3 (0.35-1.10 m BGS) was compared to soil moisture at 0.50 m BGS. As for MCRB, it is noted that the soil moisture measurement at 0.50 m BGS is towards the top of the corresponding CLASS layers' vertical extent; therefore, soil layer 3 validation is less meaningful than for layers 1 and 2. CLASS was able to simulate soil moisture at Kenaston with reasonable skill. Simulated soil moisture in layer 1 with both field observations and GEM/CaPA were within the range of observations (Fig. 6(a) ). Field observations forcing resulted in underestimating mean soil moisture (PBIAS = −10.7%) whereas GEM/CaPA resulted in overestimating mean soil moisture (PBIAS = 28.8%; Table 2 ). Both sets of forcing resulted in similar RMSE. For layer 2, field forcing was mostly within the range of observations, but the mean was underestimated more so when using GEM/CaPA. GEM/CaPA was always within the range of observations except for the missed rainfall events during 2007. GEM/ CaPA resulted in lower soil moisture than the mean observed during both 2007 and 2008. For layer 3, both simulations were within the range of observations, though the magnitude of the bias was greater with GEM/CaPA (PBIAS = −2.9% for field observations forcing and PBIAS = −16.0% for GEM/ CaPA). Overall, the precipitation issue with CaPA resulted in lower magnitude but more variable soil moisture simulated using GEM/CaPA, except in layer 1, and trivial-tosmall correlation between modelled changes in simulated soil moisture (Table 3) . It should be noted that GEM/ CaPA forcing resulted in overestimated soil layer 1 moisture content, but underestimated soil moisture in lower layers. It is believed that this difference is largely due to there being fewer layer 1 observations than from lower depths; the greatest underestimations of soil moisture occur later during summer.
Both field observations and GEM/CaPA forcing considerably overestimated evapotranspiration (Fig. 6(d) , respectively. The overestimation was slightly lower using GEM/CaPA (PBIAS = 75.2% for field observations forcing and PBIAS = 68.2% for GEM/CaPA). It is noted, however, that evapotranspiration measurements are most often underestimated (Wilson et al. 2002) . Both sets of forcing resulted in large correlation with observed evapotranspiration. Simulated evapotranspiration using GEM/CaPA was more variable than using field observations. This was result was not necessarily expected given that GEM/CaPA wind speed and specific humidity were less variable than field observations (Table 1) , but is likely associated with GEM/CaPA precipitation and more variable soil moisture.
Conclusions
This study examined (i) differences in meteorological forcing obtained from field observations and output from a NWP/ assimilation system (GEM/CaPA), and (ii) the utility of these different sets of forcing data in simulating land surface variables and fluxes. The experiment was conducted over physiographically and climatically distinct locations in Western Canada: a mountainous catchment (Marmot Creek Research Basin) and a prairie site (Kenaston). The CLASS 3.6 land surface scheme was used for modelling. Simulations were compared to observed snow depth and soil moisture at MCRB, and to observed evapotranspiration and soil moisture at Kenaston.
There was generally good agreement between observed surface meteorology and GEM/CaPA. However, some deficiencies in GEM/CaPA were identified. At the mountainous MCRB, GEM/CaPA provided excellent cumulative precipitation compared to a mid-elevation observation (Coniferous Forest site), but the model cannot account for elevational variability (represented by the higher elevation Mountain Meadow site). GEM/CaPA cannot reproduce the effects of sub-grid topographic variability on incoming radiation and wind speed. There were issues with CaPA precipitation at Kenaston. Some large convective rainfall events were missed, but total cumulative precipitation was greater than observed.
Field observations and GEM/CaPA resulted in similar agreement with snow depth at MCRB. Both sets of meteorological forcing tended to overestimate the duration of snow cover, but during different years. A concern with CLASS was identified in that it poorly simulated changes in soil moisture in the MCRB coniferous forest. This difficulty was compounded when GEM/CaPA was used as forcing as the duration of frozen soils was overestimated.
As opposed to the soil moisture simulations at MCRB, field observations and GEM/CaPA forcing resulted in similar seasonal soil moisture trends at Kenaston. However, the aforementioned GEM/CaPA precipitation difficulties at Kenaston degraded the soil moisture simulations. Both sets of meteorological forcing overestimated observed evapotranspiration, but less so GEM/CaPA. This was an interesting result because CaPA provided more precipitation than observed. This overestimated precipitation was likely offset by underestimated GEM incoming radiation and wind speeds.
It is anticipated that future studies will continue to make use of detailed field observations to improve LSS process representations, and that impact studies will be based on coupled LSS-NWP results (as either online or offline simulations). Whilst it remains important to improve LSS process physics, it is important to note that model improvements can be concealed by the quality of meteorological forcing used.
